Approximately two million traumatic brain injury (TBI) incidents occur annually in the United States, yet there are no specific therapeutic treatments. The absence of brain injury diagnostic endpoints was identified as a significant roadblock to TBI therapeutic development. To this end, our laboratory has studied mechanisms of cellular injury for biomarker discovery and possible therapeutic strategies. In this study, pooled naïve and injured cortical samples (48 h postinjury; rat controlled cortical impact model) were processed and analyzed using a differential neuroproteomics platform. Protein separation was performed using combined cation/anion exchange chromatography-PAGE. Differential proteins were then trypsinized and analyzed with reversed-phase LC-MSMS for protein identification and quantitative confirmation. The results included 59 differential protein components of which 21 decreased and 38 increased in abundance after TBI. Proteins with decreased abundance included collapsin response mediator protein 2 (CRMP-2), glyceraldehyde-3-phosphate dehydrogenase, microtubule-associated proteins MAP2A/2B, and hexokinase. Conversely C-reactive protein, transferrin, and breakdown products of CRMP-2, synaptotagmin, and ␣II-spectrin were found to be elevated after TBI. Differential changes in the above mentioned proteins were confirmed by quantitative immunoblotting. Results from this work provide insight into mechanisms of traumatic brain injury and yield putative biochemical markers to potentially facilitate patient management by monitoring the severity, progression, and treatment of injury.
Traumatic brain injury (TBI), 1 defined as brain damage due to mechanical force applied to the head, has an annual economic cost of $65 billion in the United States (1) . There are over two million TBI incidents with ϳ500,000 hospitalizations and 100,000 deaths annually (2) (3) (4) (5) . TBI is particularly prevalent among the young; it is considered the leading cause of death and disability among children and young adults. Despite these facts, there are no specific therapeutic treatments for TBI.
TBI is difficult to assess by current clinical techniques such as magnetic resonance imaging and computer tomography. Surrogate markers such as brain temperature, oxygen level, and pressure lack sensitivity, specificity, and availability (5-7). There is thus a need for a sensitive and specific biochemical marker(s) of TBI with the diagnostic ability to evaluate postconcussion intracranial pathology to improve patient management and facilitate therapeutic evaluation (6) . In particular altered neurodegenerative or protective proteins could be of great value if they could provide insight into injury severity and outcome (8) . A small number of TBI protein markers have been reported including lactate dehydrogenase, glial fibrillary acid protein, enolase, and S-100B; however, all lack either the necessary sensitivity, TBI specificity, or both to be exclusively effective (5, 7, 9, 10) . Furthermore the biochemical mechanism that produces post-TBI changes in these proteins are not understood, leaving them as potential surrogate markers rather than true biochemical markers of known injury pathways. To this end, breakdown products of proteolyzed proteins are of particular interest in neurotrauma as they provide a direct assessment of a known neurodegenerative mechanisms with the potential for therapeutic intervention.
Following TBI, there is a shift in the balance between proand anti-apoptotic protein machinery promoting either cell survival or death (11) (12) (13) . Studies reported from our and other laboratories provided substantial evidence for the involvement of overactivated cysteine proteases as major intracellular effectors of neuronal cell death via both necrotic and apoptotic pathways (5, 14) . The primary mechanical injury produces a robust pattern of necrotic cell death in close proximity to the impact site that is mediated by calpains, calcium-activated cysteine proteases implicated in oncosis (14) . Czogalla and Sikorski (14) in a recent review stressed, with high emphasis on trauma-related pathology, this pivotal role of calpain in neurodegenerative disease. However, secondary insults often involve apoptotic cell death in regions caudal to the impact site. Apoptosis involves complex cascading pathways resulting in the activation of executioner proteases such as caspase-3 by intrinsic and extrinsic mechanisms involving caspases-8 and -9 (11, 15) . Caspase-3 then acts on a number of cytosolic and cytoskeletal neuronal substrates, for example the cytoskeletal protein ␣II-spectrin, which upon proteolysis yield signature breakdown products (BDPs) that are indicative of neuronal cell death dynamics (4 -6, 14, 16 -18) .
Recently proteomics has been identified as a potential means for biomarker discovery with the ability to identify proteome dynamics in response to experimental stimuli (3, 8, 19 -23) . Gel electrophoresis with or without cyanine dye labeling is often used for protein separation and differential selection prior to mass spectrometry (8, 16, 17, 24) . Shortcomings of gel-based approaches can include limited resolution, mass range, and reproducibility (3, 25) . For example, in a previous TBI study, we utilized 1D DIGE protein separation in series with reversed-phase liquid chromatography tandem mass spectrometry peptide analysis as a means to discover putative TBI biomarkers (3). However, the limited protein separation confounded the results. Subsequently we developed a novel multidimensional protein separation and differential analysis platform, comprised of the steps depicted in Fig. 1 , to improve differential protein identification and overcome some of the limitations observed in 1D and 2D DIGE (25) . Importantly, the platform involves correlating semiquantitative peptide data with gel densitometry data to reduce false positives during differential analysis. Our hypothesis is that the cation/anion exchange (CAX) chromatography-PAGE/reversed-phase (RP) LC-MSMS (CAX-PAGE/RPLC-MSMS) platform will improve discovery of differential protein changes post-TBI and facilitate discovery of biochemical markers and possible therapeutic interventions.
FIG. 1.
A schematic illustration of the differential CAX PAGE/RPLC-MSMS proteomics platform for TBI study. The schematic illustrates the sequential steps following the controlled cortical impact TBI model, which is followed by sample pooling and preparation for CAX chromatography-1D PAGE considered as the first and second dimension of separation. After the CAX chromatography-1D PAGE, gel bands are excised followed by RPLC/MSMS analysis, which is considered as the third and fourth separation dimensions generating a differential protein list, which is subjected for validation via immunoblot analysis to create a list of potential TBI markers.
EXPERIMENTAL PROCEDURES
Brain Tissue Collection and Protein Extraction-All procedures involving animal handling and processing were done in compliance with guidelines set forth by the University of Florida Institutional Animal Care and Use Committee and the National Institutes of Health guidelines. A controlled cortical impact device was used to model TBI in male Sprague-Dawley rats as described elsewhere (26) . TBI was performed on seven animals, each mounted in a stereotactic frame and impacted in the right cortex (ipsilateral) with a 5-mm-diameter aluminum impactor tip at a velocity of 3.5 m/s to a depth of 1.6 mm. Seven naïve control animals were kept under the same environmental conditions but did not receive an impact injury. At 48 h postinjury, naïve and injured animals were sacrificed by decapitation. TBI and control cortex samples were rapidly dissected, washed with saline solution, snap frozen in liquid nitrogen, and stored at Ϫ80°C for further processing. Naïve and TBI cortex tissues were homogenized using a small mortar and pestle set over dry ice. The homogenized cortical tissue powder was then lysed for 90 min at 4°C with a 0.1% SDS lysis buffer containing 150 mM sodium chloride, 1% ethoxylated octylphenol, 1 mM sodium vanadate, 3 mM EDTA, 2 mM EGTA, 1 mM dithiothreitol (all from Sigma) with a Complete Mini protease inhibitor mixture tablet containing EDTA along with a mixture of a broad spectrum of serine, cysteine, metalloprotease, and calpain inhibitors suited for animal tissues (Roche Applied Science). Brain cortex lysates were then centrifuged at 16,000 ϫ g for 10 min at 4°C. The supernatant was retained and collected at 4°C to prevent proteolysis. The protein content was determined using the DC protein assay (Bio-Rad) after which the protein concentration was standardized to 1 g/l for immunoblotting analysis.
Combined CAX-PAGE-The CAX chromatography was performed on a Bio-Rad Biologic DuoFlow system with sulfopropyl-(S1) and quaternary ammonium-(Q1) modified Sepharose prepacked ion-exchange columns (Bio-Rad) connected in tandem along with a QuadTec UV detector and BioFrac fraction collector. A detailed description of the CAX chromatography setup was described recently (25) . For the purpose of this study, proteins from the sacrificed rats (n ϭ 7) were pooled to amass the required amount of protein and average inconsistent protein levels due to biological variability. Protein concentration of the seven TBI cortical samples was determined, and 0.143 mg of protein from each tissue sample was pooled to constitute 1 mg of protein, which was loaded on the liquid chromatography system. A pooled naïve sample (1 mg of protein, n ϭ 7) was similarly produced. A total of 32 1-ml fractions were collected during CAX chromatography, each concentrated using Millipore YM-10 ultrafiltration units (Millipore Corp., Bedford, MA) according to the manufacturer's instructions. Laemmli sample buffer (25 l) was then added to the YM-10 collection filters and incubated for 10 min prior to collection by centrifugation at 1000 ϫ g for 3 min. Protein fractions were run side-by-side (i.e. naïve fraction 1 next to TBI fraction 1, etc.) using 18-well, 10 -20% gradient Tris-HCl Bio-Rad Criterion gels for differential comparison of TBI and naïve samples. ImageJ software was used for quantitative densitometric analysis of select gel band intensities. Differential bands were boxed and labeled according to their 2D position (e.g. the top band excised from the lane of fraction 6 was labeled 6A).
Western Blot Analysis and Antibodies-Four naïve and four TBI samples were processed with 2ϫ Laemmli sample buffer (Bio-Rad with 5% ␤-mercaptoethanol). 20 g of protein from each sample was subjected to gel electrophoresis on 10 -20% or 6% Tris-glycine gels and then transferred onto PVDF membranes. Following the transfer, the membranes were blocked in 5% nonfat dry milk for an hour and then incubated overnight with the primary antibody at 4°C. On the following day, the membranes were washed three times with 1ϫ Tris-buffered saline/Tween 20 and probed with the secondary antibody for an hour. Immunoreactivity was detected by using a streptavidin-alkaline phosphatase-conjugated tertiary antibody. Monoclonal anti-mouse ␣II-spectrin (Affiniti Research Products, Ltd.) and anti-␤-actin (Sigma) were used at a dilution of 1:4000 in 5% milk. lapsin response mediator protein 2 (CRMP-2) (Immuno-Biological Laboratories Co., Ltd.) were used at a dilution of 1:1000 in 5% milk. Secondary biotinylated antibody (Amersham Biosciences) and streptavidin-alkaline phosphatase-conjugated tertiary antibody (Amersham Biosciences) were used at a dilution of 1:3000 in 5% milk.
Gel Band Visualization and Quantification-ImageJ densitometry software (Version 1.6, National Institutes of Health, Bethesda, MD) was used for gel band quantitative densitometric analysis. Selected bands were quantified based on their relative intensities. -Fold increase or decrease between naïve and TBI samples was calculated by dividing the greater value by the lesser value with a negative sign to indicate a decrease after TBI.
Statistical Analysis of Western Blotting Data-Densitometric quantification of the immunoblot bands was performed using an Epson Expression 8836XL high resolution flatbed scanner (Epson, Long Beach, CA) and ImageJ densitometry software. Densitometry values of four replicates of naïve and TBI samples were evaluated for statistical significance with SigmaStat software (Version 2.03, Systat Software Inc.) and a Student's t test. A p value of Ͻ0.05 was considered to be significant for data acquired in arbitrary density units.
In-gel Digestion and Reversed-phase Liquid Chromatography Tandem Mass Spectrometry-A detailed description of the RPLC-MSMS platform has been described elsewhere (25) . In brief, differential bands were excised, cut into pieces, and washed with HPLC water (Burdick & Jackson, Muskegon, MI) followed by 50:50 100 mM ammonium bicarbonate:acetonitrile (Burdick & Jackson, HPLC grade).
Bands were dehydrated with 100% acetonitrile, then rehydrated with 10 mM DTT for 30 min at 56°C, and then alkylated with 55 mM iodoacetamide in 50 mM ammonium bicarbonate for 30 min in the dark at room temperature followed by acetonitrile dehydration. For protein digestion, 15 l of a 12.5 ng/l trypsin solution was added and incubated for 30 min at 4°C. An additional 20 l of 50 mM ammonium bicarbonate was then added, and that mixture was incubated overnight at 37°C. The resulting peptide solution was collected and hydrophobic peptide extraction performed with 50:50 water:acetonitrile. The peptide solution was dried by speed vacuum, and the residue was suspended in mobile phase solution for RPLC-MSMS analysis. Capillary reversed-phase liquid chromatography tandem mass spectrometry protein identification was performed by loading 2 l of sample digest via autosampler onto a 100-m ϫ 5-cm C 18 reversed-phase capillary column at 1.5 l/min. Peptides were eluted via a linear gradient: 5-60% methanol in 0.4% acetic acid over 30 min at 500 nl/min. Tandem mass spectra were collected using a data-dependent method (three most intense peaks) on a Thermo Electron LCQ Deca XP Plus ion trap mass spectrometer (Thermo Electron, San Jose, CA). Protein database searching of tandem mass spectra was performed against a National Center for Biotechnology Information (NCBI) rat-indexed RefSeq protein database using Bioworks Browser (Version 3.1, Thermo Electron). Subtractive filtering and sorting were performed with DTAselect software (Version 1.9, The Scripps Research Institute) on singly, doubly, and triply charged tryptic peptides with a cross-correlation (Xcorr) value greater than 1.8, 2.5, and 3.5, respectively. Naïve and TBI data were then compared with the Contrast module of the DTAselect software (27) .
Semiquantitative Differential Correlation of Protein and Peptide Data-The number of identified peptides per protein was tabulated from the filtered Bioworks data for naïve and TBI gel band pairs. Naïve and TBI peptide numbers were compared; those identified proteins with a two or more difference in the number of peptides were retained. The greater peptide number must then correlate with the sample (naïve or TBI) demonstrating the greater gel band density to be considered a putative differential protein (Tables I and II) . We previously reported a correlation rate of 89% utilizing these parameters (25) . RESULTS 
CAX-PAGE Neuroproteomics Experimental
Design-This study utilized a novel neuroproteomics approach as outlined in the systemic seven-step process illustrated in Fig. 1 comprising the multidimensional neuroproteomics platform. Our experimental design called for two pooled rat samples: injured ipsilateral cortical lysate from 48-h post-TBI animals and control naïve ipsilateral cortical lysate from uninjured animals. The protein components from each sample were differentially resolved by a two-dimensional protein separation technique termed CAX-PAGE. Naïve and TBI lysates were sequentially separated by CAX chromatography based on protein charge; the two chromatograms are shown overlaid in Fig. 2 . The initial impression after the first dimension separation was that there is a marked difference between the two proteomes, reminiscent of the difference between cortex and cerebellum tissues observed in our first report on CAX-PAGE separation (25) . In this first study, the coefficient of variation value for repeated CAX chromatography separation was determined to be 11% with no discernable variation in the chromatographic trace. Thus the disparate chromatograms in Fig. 2 are attributed to the alteration of the cortical proteome associated with the TBI insult.
Thirty-two fractions collected from each CAX chromatography experiment were paired (i.e. fraction 1 of control was paired with fraction 1 of TBI) and loaded side-by-side onto a 1D polyacrylamide gel for the second dimension protein separation. The gels were visualized with Coomassie Blue stain for differential band analysis. Thirty-one bands with an observed difference in densitometry were selected and excised for proteomics analysis as boxed and labeled in Fig. 3 . The densitometric values for the targeted differential bands are reported in Tables I and II . Relative -fold change was calculated for gel band pairs based on the relative intensities between naïve and TBI. Thirteen gel bands showed a 2-fold decrease compared with 16 having a 2-fold increase (Fig. 4 ).
-Fold changes correlated with peptide data obtained for identified proteins indicated in Tables I and II. Identification of Differential Proteins by RPLC-MSMS-Following CAX-PAGE separation, the differential bands were processed for peptide separation and analysis by RPLC-MSMS. Tandem mass spectra were searched using Bioworks Browser against a rat-indexed protein database revealing between zero and four proteins per gel band, each having two or more peptides. For those bands with multiple identified proteins we utilized the number of matched peptides per protein as a semiquantitative measure of protein abundance to confirm which protein represents the observed differential gel pattern as illustrated by Peng et al. (28) . Using the peptide data we were able in most cases to isolate a single protein Tables I and II . In all, 59 proteins were confirmed by this process to have a different abundance between naïve and TBI samples. The identified proteins were grouped as having decreased (21 proteins) or increased (38 proteins) abundance post-TBI. The proteins that decreased post-TBI included the cytosolic glycolytic proteins glycerdehyde-3-phosphate dehydrogenase, enolase, aldehyde dehydrogenase, glutamate dehydrogenase, and hexokinase; the cytoskeletonassociated proteins profilin and cofilin; and the neuronspecific proteins CRMP-2 and neuronal protein 22 (Table I ) (29, 30) . Among the TBI increased proteins are the glycolytic proteins lactate dehydrogenase, brain creatine kinase, and malate dehydrogenase; the ubiquitin-associated proteins UCH-L1 and proteasome subunit ␣ type 7; the cytosolic cell signaling protein 14-3-3 family members; and the serumderived proteins transferrin, C-RP, ferroxidase, albumin, fetuin, hemoglobin, and serine protease inhibitors (Table II) . The functional relevance of the identified proteins is discussed later.
Validation of Proteins with Decreased
Abundance after TBI-Five of the proteins decreased in abundance after TBI were subjected to biochemical validation by Western blotting: cofilin, profilin, GAPDH, hexokinase, and MAP2A/2B protein (Fig. 5) . Protein selection was based on several factors including antibody availability, literature relevance, and levels of peptide abundance. Based on these criteria several other proteins remain to be validated. Validation by this means is presently the bottleneck in biomarker development where the discovery rate exceeds the rate of preliminary validation by severalfold (31) . Densitometric analysis showed a statistically 
FIG. 4. Differential gel band analysis.
Using ImageJ densitometry software, differential gel band intensities of naïve and TBI were quantified to derive the relative -fold increase and decrease. Quantitative densitometric analysis was performed on the selected bands based on their relative intensities. Sixteen gel bands were found to have more than a 2-fold increase; 13 gel bands were found to have more than a 2-fold decrease. N, naïve; I, injury. 
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Molecular & Cellular Proteomics 5.10 1893 significant decrease of cofilin, profilin, hexokinase, GAPDH, MAP2A/2B, and intact CRMP-2 proteins (p Ͻ 0.05; Student's t test) in TBI samples relative to naïve. ␤-Actin blotting was used as a control to confirm equal loading of protein for all samples as shown in Fig. 6 .
Validation of Proteins with Increased Abundance after TBISimilar to the decreased protein validation, a targeted approach was applied in selecting and validating a number of the proteins that increased after TBI including C-reactive protein and transferrin (31) . Densitometric analysis showed a statistically significant increase of C-RP and transferrin proteins (p Ͻ 0.05; Student's t test) in TBI relative to naïve samples (Fig. 6) . The biological significance of these two proteins is discussed later. ␤-Actin blotting was used as a control to confirm equal loading of protein for all samples.
Validation of Potential Proteolytic Substrates after TBIWithin the group of proteins that exhibited increased abundance, a specific set reflects proteolytic processing after TBI. These proteins are characterized by a mismatch in their observed (migration) molecular mass and that of their nominal intact molecular mass. Three proteins appeared to shift in molecular mass: ␣II-spectrin, synaptotagmin, and CRMP-2 (Table II) . All were characterized via Western blot, which showed the same molecular mass shift observed in the proteomics data (Fig. 7) . Confidence for our data came from the co-migration of the suspected ␣II-spectrin breakdown product (intact mass, 280 kDa) along with the 120-kDa proteins ferroxidase and ceruloplasmin in gel band 20A that aligned with an observed molecular mass of 120 kDa. The immunoblotting data confirmed the increase in the 120-kDa spectrin breakdown product (Table II and Band 20A) . Similarly CRMP-2 (intact mass, 62 kDa) co-migrated with GDP dissociation inhibitor-1 (intact mass, 51 kDa) and group-specific component protein (intact mass, 53 kDa) in gel band 18B that aligned with an observed molecular mass of 54 kDa (Table I and Band 18B). The immunoblotting data confirmed the increase in a 54-kDa CRMP-2 BDP. Densitometric data indicated that the increase in ␣II-spectrin, synaptotagmin, and CRMP-2 breakdown products was statistically significant after TBI (p Ͻ 0.05; Student's t test) relative to naïve samples.
FIG. 6. Western blot validation of TBI increased proteins identified by mass spectrometry in individual naïve and TBI animals (n ‫؍‬ 4).
Shown is Western blot analysis of intact 75-kDa transferrin and intact 25-kDa C-RP comparing four individual TBI samples with four individual naïve samples. These blots show higher protein abundance in the four TBI samples compared with the four naïve samples. Western blot data are indicative of blood-brain barrier disruption along with inflammatory process occurring within injured brain tissues. Graphical representation of the densitometric analysis using ImageJ software shows elevated TBI protein (transferrin and C-RP). Student's t test was performed to evaluate statistical significance (*, p Ͻ 0.05; mean Ϯ S.E.M.; n ϭ 4). Data are expressed in arbitrary units. Western blot of ␤-actin served as a loading control and shows equal loading in both conditions. Naïve samples are represented by open bars, and TBI samples are represented by dotted bars. Graphical representation of densitometric data shows no statistical significance difference (*, p Ͻ 0.05; mean Ϯ S.E.M.; n ϭ 4). N, naïve; I, injury.
DISCUSSION
The CAX-PAGE/RPLC-MSMS neuroproteomics platform, a multidimensional separation technique (Fig. 1) , was applied to identify proteome changes in rat cortex 48 h post-TBI, providing more definitive results through better proteome separation and quantitative validation than from our earlier study (3) . To do this, the altered TBI proteome is contrasted against a naïve cortical proteome. In total, 59 proteins showed an altered abundance post-TBI (Tables I and II) and were divided into three groups: decreased, increased, or putatively degraded by proteolysis (Figs. 5-7) .
The proteins with decreased abundance post-TBI (Table I) were the result of changes in expression, cellular metabolism, and/or proteolytic degradation. Included in this group are the cytoskeleton-associated proteins, cofilin (Band 6B), profilin (Band 8A), MAP2A/2B (Band 23A), and hexokinase (a cytoplasmic phosphotransferase, Band 10A), all of which were validated to decrease after TBI by immunoblotting (Fig. 5) . Also the data revealed a decrease in GAPDH after TBI (Band 9E), denoting the loss of metabolic function. Importantly GAPDH is widely regarded as an unchanging housekeeping protein used as a loading control in Western blots; however, this would be inappropriate in neurotrauma studies given the data in Fig. 5 . Post-TBI GAPDH dynamics should also be FIG. 7 . Western blot validation of potential protein BDPs identified by mass spectrometry in individual naïve and TBI cortex samples (n ‫؍‬ 4). Shown is Western blot analysis of intact 280-kDa ␣II-spectrin and the 120-kDa ␣II-spectrin breakdown product (SBDP), which were shown to have altered expression by CAX-PAGE/RPLC-MSMS data. Intact 280-kDa ␣II-spectrin showed decreased abundance in the four TBI samples, whereas the 120-kDa ␣II-spectrin BDP was only in all four individual TBI rats. Also shown is Western blot analysis of intact 62-kDa CRMP-2 and the 55-kDa CRMP-2 potential breakdown product, which were shown to have altered expression by CAX-PAGE/RPLC-MSMS. Intact CRMP-2 showed higher expression in the four naïve samples, whereas the 55-kDa CRMP-2 BDP was identified in all four individual TBI rats. Shown is Western blot analysis of intact 65-kDa synaptotagmin and the 37-kDa synaptotagmin breakdown product, which was shown to have altered expression by CAX-PAGE/RPLC-MSMS and is confirmed here to be decreased, degraded, or down-regulated in all four individual TBI rat samples. Graphical representation of the densitometric analysis using ImageJ software of the four individual naïve and TBI Western blot data shows potential TBI breakdown products of ␣II-spectrin, CRMP-2, and synaptotagmin identified by mass spectrometry post-TBI. Student's t test was performed to evaluate statistical significance (*, p Ͻ 0.05; mean Ϯ S.E.M.; n ϭ 4). Data are expressed in arbitrary units. considered in light of its emerging role as a proapoptotic enzyme that induces nuclear translocation in a number of neurodegenerative diseases (30, 32) . Among other interesting proteins is NP22, a neuronal protein that mediates interactions between cytoskeletal proteins (33) . Unfortunately NP22 was one of the proteins that we could not confirm by immunoblotting due to the lack of an available antibody.
Proteins with increased abundance following TBI (Table II) were either up-regulated or accumulated in response to injury (Fig. 6) (2) . The rapid and long term accumulation of proteins in reaction to axonal injury within different neuronal compartments has already been reported post-TBI and is evident in our study (2) . Increased proteins included members of the acute phase protein family, which are indicative of an inflammatory response (34, 35) . The observed acute phase proteins were C-reactive protein, transferrin, and ceruloplasmin, which were all validated by immunoblotting to increase in individual animals. Additional proteins validated by immunoblotting to increase 48 h after TBI included ␣1 inhibitors and kininogen proteins. The increased high molecular mass ␣1 inhibitor ceruloplasmin, not observed with alternative 2D DIGE separation, indicated blood-brain barrier leakage (36) . Increased abundance of kininogen protein C-RP, a member of the thiostatin family, is indicative of inflammatory processes, shown previously to be of clinical importance following TBI and ischemic stroke (34, 37) . The results correspond well with known post-TBI pathology, which involves inflammation coupled with a breakdown in the blood-brain barrier, leading to the extravasations of plasma proteins (38) . Other non-inflammatory proteins that increased after TBI include (Table II) UCH-L1 (Band 13E), lactate dehydrogenase (Band 9E), and members of the 14-3-3 chaperone protein family (Band 20B), which were previously identified by our 1D PAGE/RPLC-MSMS TBI study (3) .
The third group contains protein fragments of decreased mass relative to the intact protein molecular mass and is indicative of a potential breakdown product. Members of this group were observed exclusively in TBI samples, including apparent breakdown products of ␣II-spectrin, CRMP-2, and synaptotagmin. Immunoblots validated the presence of a putative breakdown product with the same mass as the proteomics data (Fig. 7) . The ␣II-spectrin (nominally 280 kDa, Band 20A) appeared as a 120-kDa spectrin breakdown product (Table II) . ␣II-spectrin is known to be degraded to a 120-kDa fragment following caspase-3 proteolysis during apoptosis (5, 10) . These data correlate with our previous findings of ␣II-spectrin breakdown products post-TBI (4, 26, 39) .
The abundance of intact CRMP-2 (62 kDa) was shown to decrease (Bands 17A), whereas its breakdown product increased at a M r of 55,000 (Band 18B) post-TBI (Table II) . Immunoblot analysis validated the post-TBI proteolytic pattern of CRMP-2 (Fig. 7) . CRMP-2, a cytosolic neuronal protein involved in microtubule assembly, is required for neuronal process elongation and growth cone motility. The presence of a breakdown product after TBI suggests that CRMP-2 is proteolyzed after neurotrauma, differing from CRMP-2 dynamics in mesial temporal lobe epilepsy, indicated by Czech et al. to occur by alternative splicing or other post-translational modifications (40) or in Alzheimer disease due to downregulation (41) .
A third proteolyzed protein was synaptotagmin, an integral membrane protein present on the surface of synaptic vesicles, which is involved in the calcium-mediated release of neurotransmitters. The proteomics data identified synaptotagmin (nominally M r 65,000) (Table II) at 37 kDa (Band 29A) suggesting proteolytic degradation as confirmed by immunoblotting data (Fig. 7) . The presence of a synaptotagmin BDP after TBI was independently identified recently in our laboratory using a high throughput immunoblotting analysis (42) .
The overactivation of cysteine-proteases is an important biochemical process occurring after TBI. Proteolysis leads to the degradation of cytoskeleton-associated proteins in association with necrotic and apoptotic cell death (5, 14) . The observed TBI breakdown products are members of a TBI degradome, a term first introduced by McQuibban et al. (43) to collectively describe the substrate candidates of a protease. This was further refined by Lopez-Otin and Overall (44) to include the repertoire of protease substrates related to a specific condition such as TBI. The results of this study demonstrate that the CAX-PAGE/RPLC-MSMS proteomics platform can systematically detect potential breakdown products by distinguishing them from intact proteins by observation of a molecular mass shift as confirmed by subsequent immunoblotting validation. The greater mass range of CAX-PAGE and side-by-side fraction comparison allows for direct visualization of differential proteome changes providing complementary data to the pI shifts observed by 2D DIGE (25) .
Of interest is the specificity of the different proteins identified, which included a number of brain-specific proteins (synaptotagmin, CRMP-2, NP22, MAP2, and brain creatine kinase). However, due to the complexity of the nervous system, the dynamic nature of the proteome expression in general, and its dependence on various signals (insults, development, etc.), these proteins can reflect signal-dependent neuroanatomical specificity. One example is the NP22 protein, which shows even expression among various brain regions. However, in alcoholism, NP22 would show an increased expression in the frontal cortex but not in other brain regions (33) . Similarly our current work identified a number of brain-specific proteins; however, it was not feasible to validate that these proteins are actually cortex-specific especially given that relevant literature does not specify brain-specific anatomical expression of such proteins but rather considers them to be ubiquitous in expression throughout the brain (NP22, synaptotagmin, and CRMP-2). Interestingly, in a previously published work from our group we compared protein expression between rat cerebellar and cortex regions (25) . In this study, the proteomic map reflected cortex-dominant proteins (MAP2 and ␣-enolase) and cerebellum-dominant proteins (14-3-3 protein family), whereas brain creatine kinase was comparable in both regions. In our current study, TBI reflected the dynamic nature of protein expression rendering the expression of the 14-3-3 and brain creatine kinase to be elevated in TBI shifting the basal cortical map proteomic pattern. Thus, among the current identified proteins, the brain-specific proteins can be considered cortex-specific under TBI insult. Nevertheless further studies are needed to evaluate the expression of these proteins in different neuroanatomical areas under the same condition.
The initial goal for differential TBI neuroproteomics analysis using the CAX-PAGE/RPLC-MSMS platform is to identify likely biomarker candidate proteins, which will subsequently be validated by immunological studies in biological fluids of animals and eventually humans. Inherent to biomarker development is the likelihood that putative protein markers may not be adequately detected in biological fluids and proove suboptimal as clinical diagnostics (19, 45) . Due to the time-consuming nature of devising and optimizing enzyme-linked immunoassay for each putative biomarker protein, it is critical to reduce the number of false positives identified by proteomics as differentially altered after TBI. To this end, we performed a secondary quantitative evaluation step, utilizing peptide data to correlate protein abundance with densitometry data. Reported (Tables I and II) are those proteins having a two or more difference in the number of identifying peptides (naïve versus TBI) with the greater number in the gel band with the larger optical density. Thereby those identified proteins that reportedly do not demonstrate a measurable difference between naïve and TBI samples likely are not differential in nature, or those that do not correlate with the densitometry data are not reported. In our previous report of the differential platform, 89% of selected differential gel bands had correlating differential peptide data. The described quantitative correlation process effectively reduced the number of false-positive differential proteins reported (and subsequently developed into assays) as evident from our immunological validation work where six of seven putative markers tested were confirmed as differential in multiple naïve and TBI samples. The importance of this process cannot be overstressed as all multidimensional protein separation techniques lack the necessary resolving capability to produce fractions, spots, or bands that routinely contain only a single protein. The approach, however, may increase the number of false negatives as the acquired peptide data is semiquantitative in nature. It is also anticipated that other differential proteins are not targeted for mass spectrometry analysis as they do not produce a differential band density of 2-fold or greater, further confounded by the presence of multiple proteins in a single band; hence the reported list is not exhaustive in nature. Rather our intention for this study is to identify those differential proteins that are dramatic in nature to be developed into biochemical markers of TBI whereby an exhaustive differential study is not time-efficient. Beyond biomarker discovery, the identified differential protein changes reflect injury mechanisms that with further study may be relevant to therapeutic intervention, such as the systematic inhibition of proteolytic activity at discrete time points post-TBI. For this purpose, other differential analysis techniques, such as ICAT or 2D PAGE methods, can be used in combination with CAX-PAGE/RPLC-MSMS to provide greater coverage of the altered TBI proteome for more detail on mechanisms of cellular injury and death, baring in mind that no one technique can effectively capture an entire proteome (for more on this topic, see Ref. 16 for our recent review).
